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Executive Summary
The Deep Vadose Zone Treatability Test Plan for the Hanford Central Plateau (DOE/RL 2008) identifies in situ grouting as a potential remediation technology for the deep vadose zone and includes a planned effort to evaluate in situ grouting to provide information for future feasibility studies. This report represents the first step in this evaluation effort. Multiple types of grout/binding materials and emplacement techniques have been developed and demonstrated. Jet grouting and permeation grouting are the two general categories potentially applicable for subsurface contaminant applications at the Hanford Site. Jet grouting uses high-energy emplacement of cement or chemical grout materials whereby the sediment is displaced and mixed with the grouting material. Jet grouting is a well-established technology for shallow applications and use for the deep vadose zone can be extrapolated from the shallow zone practices. Because jet grouting information is readily available for use in feasibility studies, this evaluation focuses on permeation grouting for application in the deep contaminated vadose zone. Permeation grouting is the injection of a liquid grout that fills the natural porosity and then gels to form a solid void-filling material. While permeation grouting is a relatively mature technology for many applications, there are uncertainties with use of grout for in situ contaminant stabilization.
Two general types of permeation grouting approaches may be applicable to address deep vadose zone contamination in the Hanford Central Plateau. Grout could be injected to form a low-permeability layer above, and potentially surrounding the contamination that deflects infiltrating moisture and thereby slows downward contaminant migration. The grouted layers would have grout filling the pore space between sediment grains, but voids may be present because of incomplete filling during injection, and where grout injections have not coalesced to form a contiguous barrier. For some grouts, shrinkage over time may also cause some void formation. While grout would not be an impermeable barrier, slowing the contaminant flux may be sufficient to meet remediation goals similarly to how other in situ remedies such as desiccation or reactive gases act to limit contaminant flux.
In some cases, grout could be injected directly into the contaminated sediment zones to encapsulate contaminants and limit contact with infiltrating water (e.g., volumetric encapsulation). In the vadose zone, grout applied to encapsulate contaminants directly is not expected to create a monolith like a grouted waste form that is prepared above ground. The grout will fill pore space between the sediment grains, although some void space in the grouted region may occur. Thus, volumetric encapsulation does not create an impermeable monolith, but would be expected to reduce the flux of water through the contaminated zone.
Two chemical grouts are recommended for consideration in the Hanford Site vadose zone: acrylamide and silicate grouts. Both materials can be formulated for low viscosities and controlled gelling times. The two chemical grout candidates both have potential limitations because of voids from nonuniform injection. Void formation over time because of shrinkage may also occur under some conditions. The dominant contaminant release mechanism is expected to be from contaminants that remain associated with the pore water/sediment surfaces and are transported with water infiltration through voids in the grout or where grout injections have not coalesced to form a contiguous barrier.
Grout penetration distance is a primary cost factor and potential physical limitation for permeation grout application in the Hanford Central Plateau deep vadose zone. An estimate of grout penetration can be determined using the analytical approach described in this report and respective information about the iv grout gelling time. In most cases, the grout penetration distance will be small relative to the lateral size of the target treatment zone for Hanford Site applications. Additionally, grout penetration is a strong function of the subsurface properties. General limits for use of permeation grouts are provided in the technical literature and are based on sediment permeability and particle size. Groutability of sediments becomes difficult at permeabilities less than approximately 1 × 10 -12 m 2 (a hydraulic conductivity of about 1 × 10 -3 cm/s). Groutability is also restricted when sediment particles less than 75 µm are present. Sediments having greater than approximately 20% of these fine particles are generally not groutable, and difficulty in grouting starts at between 5% and 10% of fine particles. Verification of injected grout placement and the success in covering the desired target through use of multiple coalescing injections will likely be needed. These limitations and issues may restrict the viability of grouting for many Hanford Central Plateau deep vadose zone applications. The most appropriate target for permeation grouting would be high permeability zones where the largest grout penetration distances could be achieved.
In summary, application of in situ grouting for the Hanford Central Plateau deep vadose zone is limited by several factors and would be best applied to small target zones and high permeability layers to limit flux of water through contaminated zones. However, like many in situ technologies, in situ grouting may be viable in some situations if applied to targets that are suitable to its use as part of an overall solution. Thus, future feasibility studies would benefit by identifying specific targets for application of grouting in conjunction with other techniques rather than consideration of grouting as a single solution. There are multiple types of grout/binding materials and emplacement techniques that have been developed and demonstrated. Jet grouting and permeation grouting are two general categories potentially applicable for subsurface contaminant applications at the Hanford Site. Jet grouting uses high-energy emplacement of cement or chemical grout materials whereby the sediment is displaced and mixed with the grouting material. Jet grouting is a well-established technology for shallow applications and use for the deep vadose zone can be extrapolated from the shallow zone practices. Because jet grouting information is readily available for use in feasibility studies, this evaluation focuses on permeation grouting for application in the deep contaminated vadose zone. Permeation grouting is the injection of a liquid grout that fills the natural porosity and then gels to form a solid void-filling material. While permeation grouting is a relatively mature technology for many applications, there are uncertainties associated with using this technique for in situ contaminant stabilization in the deep vadose zone.
Introduction

Purpose
The purpose of this report is to evaluate the efficacy of in situ permeation grouting as an approach that can be used to decrease contaminant (especially technetium and uranium) mobility in the Hanford Central Plateau deep vadose zone sediments.
Scope, Report Contents, and Organization
Although permeation grouting is a mature technology, identification of an appropriate grouting configuration, grout penetration in deep vadose sediments, and verification of proper placement are the principal challenges to implement this in situ grouting technology. An initial evaluation of in situ permeation grouting was conducted with the goal of providing information for use in subsequent feasibility studies for the Hanford Site deep vadose zone. The focus of this initial evaluation was to review candidate permeation grout materials/formulations and techniques for their application to the Hanford Site 200 Area and model grout penetration as a function of the physical properties of candidate materials and example subsurface properties.
The report contains background information describing the overall targets for vadose zone remediation and Hanford Central Plateau geology relevant to in situ permeation grouting (Section 2.0). Permeation grout materials, injection processes, and an evaluation of grout penetration are provided in Section 3.0. The report concludes with an assessment of permeation grouting for application to the Hanford Central Plateau deep vadose zone (Section 4.0).
2.1
Background
Nearly 2 trillion liters (450 billion gallons) of liquid has been released into the vadose zone at the Hanford Site (DOE/RL 2008). Much of this liquid waste discharge into the vadose zone occurred in the Central Plateau (Figure 2.1 ). This practice resulted in large-scale contamination of the vadose zone and groundwater underlying the Central Plateau. Some of this contamination remains in the vadose zone and has the potential to contaminate groundwater in the future. The Central Plateau is an area of roughly 200 km 2 (75 mi 2 ) with approximately 800 waste sites. These waste sites cover 16 km 2 (6 mi 2 ) near the center of the plateau. The U.S. Department of Energy (DOE) is proceeding with treatability testing and a remedial investigation/feasibility study to address deep vadose zone contamination in the Central Plateau. The major stratigraphic units making up the vadose zone include the following:
• Surface wind-deposited sand and silt deposits
• Unconsolidated sand and gravel of the Hanford formation
• Silt and carbonate-cemented layers of the Cold Creek Unit
• Semi-consolidated sand and gravel of the Ringold Formation.
The vadose zone in the 200 East Area consists almost entirely of the Hanford formation. The vadose zone in the 200 West Area contains three major formations: the Hanford formation, the Cold Creek Unit, and the Ringold Formation. Only the Hanford formation is evaluated for permeation grouting because the Cold Creek Unit is predominantly low permeability silt material, and the expense of drilling through the Cold Creek Unit and to significant depth is assumed to preclude grouting in the underlying Ringold Formation (direct push, cone penetrometer, and related techniques have not effectively penetrated the Cold Creek Unit).
As discussed in subsequent sections of this report, the key subsurface sediment properties that control the efficacy of permeation grouting are the permeability and the particle-size distribution. Representative hydraulic conductivity values for the Hanford Central Plateau vadose zone hydrologic units have been compiled by Last et al. (2009) . The representative hydraulic conductivity values of these units are summarized in There are a very large number of particle-size distribution data sets for the Hanford Site. However, these data have not been compiled and evaluated to establish representative values. The fraction of particles smaller than 75 µm (#200 mesh) is of most importance to permeation grouting (Vipulanandan and Ozgurel 2009; Karol 1990 ). Several reports, as detailed below, were reviewed to identify examples of particle-size distributions across the Hanford Central Plateau.
At the 200 East Area, the entire vadose zone is generally within the Hanford formation. In the southern portion of the 200 East Area, particle-size distribution data were compiled as part of charac-terization of the Immobilized Low-Activity Waste Site (ILAW) 1 (Valenta et al. 2000) . These data (78 samples) show an average of 7% particles smaller than 75 µm with a standard deviation of 4% and a range from 0% to 23%. Data from the B Tank Farm in the northern 200 East Area were compiled (Serne et al. 2008a) . These data (42 samples) show an average of 15% particles smaller than 50 µm, with a standard deviation of 6% and a range from 2.8% to 26% (excluding a relatively thick silt zone encountered in the H2 unit at well 299-E33-12). Particle-size data are also reported for the BC Cribs and Trenches site (Serne et al. 2009 ). In 21 samples from borehole C5923 at the BC Cribs and Trenches site, the average distribution of particles smaller than 75 µm was about 15%. The fines content (passing the #230 sieve, ~63 µm) ranged from 3.5% to 21% with a mean of 10%. In the C5924 borehole at this same site, the fines content (passing the #230 sieve) ranged from 1.4% to 10.8% with a mean of 5%.
At the 200 West Area, Hanford formation particle-size data are available for 9 samples from slant boreholes installed beneath the SX-108 Tank (Serne et al. 2002) . All of these samples show substantially greater than 20% particles smaller than 75 µm (range of 32% to 56%). Nearby in the SX Tank Farm at well 299-W23-19, data (31 samples) show an average of 9% particles smaller than 75 µm with a standard deviation of 7% and a range from 1.2% to 23% (Serne et al. 2008b ).
In Situ Grouting Description
Grout injection attempts to sequester subsurface contaminants by physically or chemically binding or encapsulating contaminants. There are multiple types of grout/binding materials and emplacement techniques that have been developed and demonstrated (USACE 1995; Bolisetti 2005; Karol 1990 ). Jet grouting and permeation grouting are two general categories potentially applicable for subsurface contaminant applications at the Hanford Site. Jet grouting uses high-energy emplacement of cement or chemical grout materials whereby the sediment is displaced and mixed with the grouting material. Jet grouting is a well-established technology for shallow applications and its use for the deep vadose zone can be extrapolated from the shallow zone practices. Jet grouting information is readily available for use in feasibility studies; for example, as described in the recent feasibility study for Operable Unit 7-13/14 at the Idaho National Laboratory Site (Holdren et al. 2007 ). While Holdren et al. (2007) evaluated jet grouting for shallow in situ stabilization of waste, most of the information-except for subsurface access cost-is directly pertinent to application in the deep vadose zone. This evaluation herein focuses on permeation grouting for application in the deep contaminated vadose zone, although the basic conceptual applications could also be implemented using jet grouting. Permeation grouting is the injection of a liquid grout that fills the natural porosity and then gels to form a solid void-filling material. While permeation grouting is a relatively mature technology for many applications, there are uncertainties with applying grouting for in situ contaminant stabilization (Kaback et al. 2006 ).
Several DOE sites, including the Hanford Site, Oak Ridge Site, Brookhaven National Laboratory, Idaho National Laboratory Site, Savannah River Site, and Sandia Site have evaluated, tested, and/or implemented in situ grouting for shallow waste isolation applications as summarized below. In situ grouting has been evaluated at the Hanford Site for application to waste site isolation (e.g., near surface formation of in situ waste barriers) through a number of efforts in the 1990s (e.g., Persoff et al. 1994; Dwyer 1994; Heiser et al. 1994; Heiser and Dwyer 1997; DOE/RL 1995) . Heiser and Dwyer (1997) provide laboratory and field data for jet grouting techniques applied to shallow waste isolation at the Hanford Site and Brookhaven National Laboratory. In situ permeation grouting using colloidal silica to develop a hydraulic barrier was evaluated and tested for application at Brookhaven National Laboratory , including a significant program effort led by Lawrence Berkeley National Laboratory Persoff et al. 1995 Persoff et al. , 1999 Moridis et al. 1995 Moridis et al. , 1996a Moridis et al. , 1996b . Shallow permeation grouting was conducted at the Oak Ridge Site to reduce hydraulic conductivity (ORNL 1997) . At the Oak Ridge Site, jet injection of standard and microfine cement grout into waste trench material improved soil stability but did not create low hydraulic conductivity conditions (Francis et al. 1993) . Other efforts at the Oak Ridge Site included injection of a polyacrylamide grout into a waste trench that enhanced soil stability and had a moderate (2 orders of magnitude) impact on lowering the hydraulic conductivity (Spalding and Fontaine 1992) . Detailed evaluation and treatability testing for in situ grouting of waste sites was completed at Idaho National Laboratory demonstrating the potential viability of grouting to stabilize waste in near-surface sites (Loomis et al. 2003) . Holdren et al. (2007) provided a thorough review of in situ grouting for shallow waste sites at Idaho National Laboratory and retained this technology as a potential alternative in a feasibility study for Operable Unit 7-13/14 based on the likely ability of the technology to stabilize the waste and reduce hydraulic conductivity. The Savannah River Site has implemented in situ grouting for shallow waste sites such as the F Area seepage basins (DOE 1999).
3.2
Although the discussion above provides some indication of the maturity of in situ grouting, application of these techniques to depths that are greater than 30 m (100 ft) for contaminant control in the deep vadose zone have not been demonstrated. In the following sections, two major categories of permeation grout, particulate (cement)-based grouts and chemical grouts, are described. The grout injection process is then summarized, followed by an assessment of grout penetration into subsurface vadose zone sediments.
Particulate (Cement) Grouts
Cement grouts use Portland cement as the primary component. Portland cement is a mixture of preprocessed mineral solids pulverized, fired, and ground into a fine solid dust. This product is combined with up to 5% gypsum and mixed with water and small quantities of additives to form a flowable mixture of solids and water composing a suspended solids grout. Depending on the proportion of water in the mixture, particulate grouts have a range of viscosities.
The particle-size distribution of solids in cement grouts controls the ability of the grout to penetrate fine formation openings. Nominally, the smallest grout solid should be no larger than the formation void dimension desired to be filled. For cement grouts, emplacement can become an issue for the finely textured regions of the deep vadose zone because of particle filtration. Microfine or ultrafine cement grouts incorporate micron-scale solids in the mix. For example, the particle-size distribution of microfine slag cement is characterized by 98% below 7 microns and 50% below 3 microns, and ultrafine Portland cement and blast furnace slag cement is characterized by 98% below 10 microns and 50% below 4 microns. In comparison to typical cement grout mixtures, microfine cement mixtures allow for greater penetration. However, grout penetration of even microfine cement would only be appropriate for coarse sand or gravel layers with no fine sediments less than about 100-µm diameter. As such, cement grouts have very limited applicability to the Hanford Central Plateau deep vadose zone for permeation grouting because the Hanford formation sediments in general have between 7 and 20 wt % particles finer than 75 µm as described in Section 2.0.
Chemical Grouts
A chemical grout is a solution comprised of a binder (other than Portland cement) that reacts in place to form a gel or solid after injection into a porous subsurface soil, sediment, or rock volume. Chemical grouts do not need to contain mineral solids in suspension, and therefore their delivery in the subsurface is not limited by particle filtration. Instead, delivery is primarily a function of grout viscosity and gelling time. Viscosity directly impacts injection pressure and distribution of grout to small pores based on the properties of viscous fluid flow. Gelling time impacts penetration distance because as the grout material gels, viscosity increases significantly and the material then becomes nonfluid. There are a variety of materials that have been used for in situ grouting. These include the following: sodium silicate formulations, colloidal silicate, acrylics/acrylamides, urethanes, lignosulfates-lignosulfonates, phenoplasts, and aminoplasts. A summary of each of these materials is provided below. An overall description of chemical grouts is provided in Bolisetti (2005) and the U.S. Army Corps of Engineers (1995), although colloidal silica grouts are not included in the U.S. Army Corps of Engineers document. Limitations for grouting relative to particle size and permeability are also discussed in multiple publications (e.g., Dwyer 1994; Ozgurel and Vipulanandan 2005; Vipulanandan and Ozgurel 2009; Karol 1990) . Two chemical grout systems dominate current applications and research: silicate-and acrylic-based grouts.
3.3
Sodium Silicate Formulations
Liquid solutions of sodium silicate (SiO 2 • Na 2 O) are alkaline. When mixed with an appropriate reagent, the pH of the sodium silicate liquid is neutralized and the liquid gels (USACE 1995). Testing of a sodium silicate grout uniformly distributed and gelled in a fine sand showed poor permeability reduction capability with a final grouted permeability of about 1 × 10 -14 m 2 (hydraulic conductivity of 1 × 10 -5 cm/s) (Boldocsi 1991), which may be insufficient for application of grout as a hydraulic barrier. For in situ grouting application at the Hanford Site, the grouting material would consist of sodium silicate and a neutralization reagent that reacts slowly so the grout can be injected as a relatively low-viscosity fluid that gels over time, usually over a period of tens of minutes to a few hours. The viscosity of a silicate grout is proportional to the silicate concentration where a grout with about 50% by volume silicate has a viscosity of about 5 cP. The silicate solution concentration may vary from 10 to 70% by volume, depending on the result desired. Grouts containing 35% or more silicate by volume would be necessary for application at the Hanford Site because they are more resistant to deterioration by wetting and drying than low-silicate grouts. In addition, silicate grout may shrink as the gel dries; this effect would need to be tested for Hanford Site applications. Sodium silicate grouts exhibit syneresis, which is the process of exudation of liquid (generally water) from set gel due to the tightening of the grout material structure. Of the sodium silicate grouting processes, the Malmberg system (USACE 1995) is most appropriate for the Hanford Site vadose zone because it can be formulated to be stable in unsaturated sediment. The primary limitation for application to the Hanford Site would be for sediments with highly alkaline pore water because gelling of the Malmberg system grout is inhibited at high pH. Sediments with low pH pore water may also be problematic because gelling is accelerated, and consequently, penetration distance would be reduced. Although sodium silicate grouts have properties favorable for application in the vadose zone, their application would be for fine sand through gravel layers with no fine sediments less than approximately 100-µm diameter.
Colloidal Silicate Grout
Colloidal silica grout was developed as an alternative to sodium silicate grouts targeting a lower initial viscosity, absence of syneresis, and better gel time control Moridis et al. 1999; Corapcioglu 2002a, 2002b) . Permeability measurements for a field test of colloidal silica grout showed that a final grouted permeability of about 1 × 10 -16 m 2 (hydraulic conductivity of 1 × 10 -7 cm/s) are achievable . For in situ grouting application at the Hanford Site, the grouting material would consist of colloidal silica and a reactant to initiate gelling that reacts slowly so the grout can be injected as a relatively low-viscosity fluid that gels over time, ideally over a few hours. The grout solution would need to be tailored to the sediment and pore-water chemistry to control gelling. For example, in an early study of colloidal silica grouting at the Hanford Site, Persoff et al. (1994) found that gelling occurred prematurely due to exchange of sodium in the gelling solution with naturally occurring divalent cations in the Hanford Site sediment. If colloidal silica grout were injected in contaminated regions, the potential impact of contaminated pore water and sediment chemistry may also need to be evaluated. There are potential solutions to the premature gelling issue, but site-specific conditions would need to be considered. The viscosity of a silicate grout is proportional to the silicate concentration, but colloidal silica grouts can generally be formulated with a starting viscosity of 3-15 cP. Colloidal silica has been tested and modeled for use in environmental applications Corapcioglu 2002a, 2002b; Durmusoglo and Corapcioglu 2000) such that the performance could be reasonably evaluated for Hanford Site applications in a feasibility study.
3.4
Acrylamide Grouts
Acrylamide grouts were replaced by acrylate grouts for a brief period because acrylate grouts are less toxic. Acrylamide grouts have returned to predominant use because the toxicity can now be addressed through improved health and safety procedures (Ozgurel and Vipulanandan 2005) and acrylamide grouts have better properties than acrylate grouts. Acrylamide grouts gel by polymerization reactions where the gel time can be varied based on the grout formulation with gel times up to a few hours. Testing of an acrylamide grout uniformly distributed and gelled in a fine sand showed a grouted permeability of about 1 × 10 -19 m 2 (hydraulic conductivity of 1 × 10 -10 cm/s) (Boldocsi 1991), sufficient for application as a hydraulic barrier. Of importance to Hanford Site vadose zone applications, these grouts can be formulated for very low initial viscosity (1-2 cP) and long gel times (>1 hr) (Krizek et al. 1992) . The low viscosity and long gel time enable this grout to penetrate finer-grained sediments better than other chemical grouts. The lower limit of applicability would be for silty sands with less than about 20% fraction of particles that are less than about 75-µm diameter. The gelled grouts are insoluble in typical vadose zone pore-water chemistries and likely suitable for vadose zone application.
Other Chemical Grouts
Urethane, lignin-based, phenoplasts, and aminoplasts are other types of chemical grouts. None are likely applicable to the Hanford Site vadose zone. Urethane grouts form gels or foams depending on their contact with water and have relatively high viscosity (greater than 50 cP). Two additional drawbacks are the toxicity and flammability for some urethane formulations. Lignin-based gels can be formed, but contain solids and are not durable. Phenoplasts and aminoplasts are not expected to be durable in the dry vadose zone conditions present at the Hanford Site. Molten wax has also been conceptually examined as a permeation grout for deep vadose zone applications (Carter and Cooper 2008) and is anticipated to behave similarly to grout materials such as acrylamide but with different solidification characteristics. With additional development, molten wax could be considered as an alternative to acrylamide-or silicatebased grouting materials.
Permeation Injection of Chemical Grouts
The following sections summarize the grout injection process and assess grout penetration distance for vadose zone sediments.
Grout Injection Process
Typical placement of grout into the subsurface is conducted through a borehole or pushed probe installed vertically into the zone of concern (USACE 1995; Karol 1990 ). Installation of grout using slant Moridis et al. 1999) or horizontal wells (Kim and Corapcioglu 2002b; Durmusoglo and Corapcioglu 2000; Dwyer 1994 ) has also been evaluated. The fluid grout mixture is injected under pressure using several general configurations for releasing the grout into the subsurface. Relatively simple lances on injection push rods provide openings for grout flow over a selected interval . Horizontal well configurations have been tested; for example, with injection using a packer system and annular grouted well configuration to make grout flow more uniformly along the target interval (Dwyer 1994) . Specific injection equipment will vary depending on the grouting vendor.
Generally, multiple overlapping injections are deposited along a line or over an area to cover the zone of interest.
Grout Penetration
General limits for use of permeation grouts are provided in the technical literature (e.g., Dwyer 1994; Ozgurel and Vipulanandan 2005; Vipulanandan and Ozgurel 2009; Karol 1990; Bolisetti 2005) and are based on sediment permeability and particle size. Groutability of sediments becomes difficult at permeabilities less than about 1 × 10 -12 m 2 (a hydraulic conductivity of about 1 × 10 -3 cm/s). Groutability is also restricted when sediment particles less than 75 µm are present. Sediments having greater than approximately 20% of these fine particles are generally not groutable, and difficulty in grouting starts at between 5% and 10% of these fine particles. Using the hydraulic conductivity information in Tables 2.1 and 2.2, permeation grouting would be most applicable to the Hf1 and Hf2 units for the Hanford Central Plateau. Particle-size distributions vary significantly with depth at the Hanford Site. However, as shown by the example data in Section 2.0, Hf1 and Hf2 vadose zone sediments containing greater than 5% fine (<75 µm) particles, with some containing greater than 20% fine particles, can be encountered in the Hanford formation sands and gravels. Variations in the fines content with depth and related permeability distribution will impact grout emplacement.
Grout penetration distance can be estimated as part of evaluating implementation requirements (e.g., spacing of injection locations). Chemical grout injection is a three-dimensional process and design typically relies on empirical relationships (USACE 1995; Karol 1990) or numerical simulation Corapcioglu 2002a, 2002b; Moridis et al. 1999) . For gelling grouts such as sodium silicate, colloidal silicate, and acrylamide grouts, a key factor in predicting the grout penetration distance is the grout viscosity as a function of time. Grout chemistry can be manipulated to control the gelling reactions and is a key design factor for a specific application. As summarized by Bolisetti (2005) , several equation forms have been used for describing the grout viscosity as a function of time and other factors (Honma 1984; Finsterle et al. 1994; Kim and Corapcioglu 2002a) . As an example, the viscosity of the grout can be described by Equation 3.1 , as was applied by Bolisetti et al. (2007) and for simulating colloidal silica grout injection: where a 1 , a 2 , a 3 are fitting coefficients based on laboratory data and grout material information and µ gel is the viscosity of the injected silica grout. Figure 3 .1 shows a plot of viscosity versus time using Equation 3.1 and grout parameters derived for a colloidal silicate grout application at Brookhaven National Laboratory (Persoff et al. 1998) . Acrylamide grouts can be formulated to retain a viscosity very near the initial viscosity until they gel (Krizek et al. 1992) . While there can be some variation in the gelling response for different grout formulations, gelling eventually leads to viscous and then nonfluid gel that limits the extent of grout penetration due to buildup of injection pressure. Analytical scoping calculations for cylindrical (Equation 3 .2) and spherical (Equation 3.3) grout penetration were developed based on Darcy's Law and incorporating temporal variations in grout viscosity from Equation 3.1 and with parameters as described in These equations enable estimation of idealized grout penetration and associated injection pressure as a function of time and input parameters. Equation 3.2 for cylindrical grout injection is useful for subsurface conditions where a distinct high permeability layer (or layers) is present with a thickness comparable to or less than the injection interval. Grout will preferentially flow into these layers and distribution would be more cylindrical, the cylinder height being equal to the layer thickness. In the absence of significant permeability contrasts, grout would flow more spherically from the injection point as described in Equation 3.3. Heterogeneity in subsurface properties-primarily permeability, particlesize distribution, and moisture content-will impact the three-dimensional nature of grout movement and cause grout distribution departing from the idealized representations of Equations 3.2 and 3.3. Additionally, gravitational forces will deform the injected volume downward, depending on the subsurface properties and grout injection parameters (Kim and Corapcioglu 2002b) , especially for grouts formulated with a viscosity near that of water.
Temporal variation of grout viscosity is not the only phenomena that can limit grout penetration. As the grout gels over time, it can form gel globules that can be filtered out in the sediment and restrict the pore space for further fluid movement. The restricted pore space can lead to fingering of the fluid grout flow and associated nonuniformity in grout distribution (Bolisetti 2005) . Other fluid phenomena, such as the impact of shear on gelling and fluid flow, can impact grout distribution (Bolisetti 2005) . Additionally, sediment/porewater chemistry can impact grout gelling. Relevant to the Hanford Site, Persoff et al. (1994) demonstrated that divalent cations naturally found on the exchange sites in Hanford Site sediment significantly decreased gelling time for a colloidal silica grout and that alterations to the grout chemistry, such as the addition of sodium fluoride, were necessary to produce gelling times suitable for permeation grouting. These factors introduce uncertainty in grout penetration distance and uniformity.
Considering the above grout injection uncertainties and idealized nature of Equations 3.2 and 3.3, these equations can still provide for scoping level assessment of grout penetration. Example calculations were conducted using the parameter values shown in Table 3 .1. For grout injection into a defined subsurface layer (e.g., higher permeability layer than surrounding sediment), Figure 3 .2a shows the injection radius and pressure calculated as a function of time using Equation 3.2 for three different injection flow rates and a fixed permeability of 1 × 10 -11 m 2 . For comparison, Figure 3 .2b shows these same parameters for three different permeability values at a fixed injection flow rate of 0.001 m 3 /s (16 gpm). Similarly, for grout injection into more a homogeneous subsurface where spherical flow is expected, the injection radius and pressure as a function of time for three flow rates (Figure 3.3a) and three permeability values (Figure 3 .3b) were calculated using Equation 3.3. For interpretation, a maximum reasonable injection pressure of 50 psi can be considered for a grouting depth of about 20 m to maintain an injection pressure of less than 1.5 times the lithostatic pressure. These figures demonstrate the general grout injection processes and highlight how penetration is limited by gelling and subsurface permeability.
3.8 
Assessment of Permeation Grouting for Hanford Vadose Zone Applications
In the Hanford Central Plateau, the highest concentrations of target mobile contaminants (and thus most desired for grout remediation) are anticipated to be located in horizontal spreading layers on top of or within finer-grained lenses of the subsurface, although contamination in coarser sediments may also be of concern. Two general types of grouting approaches may be applicable to address deep vadose zone contamination in the Hanford Central Plateau, as discussed below.
Grout could be injected to form a low-permeability layer above, and potentially surrounding, the contamination that deflects infiltrating moisture and thereby slows downward migration of the contaminant. This approach would decrease the contaminant flux to the groundwater by controlling moisture flux through and out of the contaminated zone. One example of this approach would be to isolate contaminated silt layers by grouting in the more permeable layers above and/or below the silt layer. The grouted-filled sediment would have grout filling the pore space between sediment grains, but voids may still be present due to incomplete filling during injection where grout injections have not coalesced to form a contiguous barrier; also, for some grouts, shrinkage over time may also cause some void formation. While a grout would not be an impermeable barrier, slowing the contaminant flux may be sufficient to meet remediation goals similarly to how other in situ remedies, such as desiccation, act to limit contaminant flux.
In some cases, grout could be injected directly into the contaminated sediment zones to encapsulate contaminants and limit contact with infiltrating water; e.g., volumetric encapsulation. In the vadose zone, permeation grouting applied to encapsulate contaminants directly is not expected to create a monolith like a grouted waste form that is prepared above ground. The injected grout would fill pore space between the sediment grains, although some void space in the grouted region may remain. Thus, volumetric encapsulation does not create an impermeable monolith, but would be expected to reduce the flux of water through the contaminated zone. With volumetric grout encapsulation, some portion of the contaminated pore water may be incorporated into the grout such that contaminant release would be related to a leaching process. However, some of the pore water and contaminants would remain separate from the grout and be associated with the sediment surfaces. This sediment/pore water contamination would be most susceptible to water infiltration through the grouted region.
The sediment size distribution and stratigraphic setting of the targeted grouting zone will control both the type of grout selected and the deployment strategy selected. Chemical grouts are likely the only suitable grouting material for permeation grouting in the deep vadose zone at the Hanford Site. In many cases for the Hanford Site deep vadose zone, a grouting approach to cover or trap contaminated zones and minimize water infiltration will be the only potentially appropriate grout application. Note that when injecting grouts, moisture contained in the region of influence can be displaced and mobilized. The amount of moisture displaced is expected to be greater for the chemical grouts, in comparison to the cement-based grouts because cement-based grouts can consume moisture as the components react during grout emplacement.
Two chemical grouts are recommended for consideration in the Hanford Site deep vadose zone: acrylamide and silicate grouts. Both materials can be formulated for relatively low injection viscosities (1-5 cP) and controlled long gelling times, are durable in the vadose zone, and may be able to penetrate 4.2 sediment layers relevant to Hanford Site application (i.e., layers including some fine-grained sediment layers or sands containing a small percentage of silt particles). The two chemical grout candidates both have potential limitations because of voids from nonuniform injection. Void formation over time because of shrinkage may also occur under some conditions. For each of these grouts, contaminant leaching from the grout is expected to be slow, although the specific leaching rate has not been quantified. The dominant contaminant release mechanism is expected to be from contaminants that remain associated with the pore water/sediment surfaces and are transported with water infiltration through voids in the grout or where grout injections have not coalesced to form a contiguous barrier. Durmusoglo and Corapcioglu (2000) examined formation of a colloidal silica grout barrier in a bench-scale test and qualitatively showed coalescence of adjacent grout injections for both vertical and horizontal injection strategies. Field testing at Brookhaven National Laboratory showed variations in grouting coverage and resultant permeability reduction, but results were generally consistent with the numerical simulationbased design . For any of these applications, grout penetration limitations and the requirement for coalescence of adjacent grouting injections will require injection intervals spaced only a meter or so apart to create a substantial hydraulic barrier. Potentially, use of acrylamide or silicate grout material formulated for a long gel time may allow for larger injection spacing with injection into layers of high permeability.
Grout penetration distance is a primary cost factor and potential physical limitation for grout application in the Hanford Central Plateau deep vadose zone. An estimate of grout penetration can be determined using the analytical approach described in this report and information about the grout gelling time. In most cases, the grout penetration distance will be small relative to the lateral size of the target treatment zone for Hanford Site applications. Additionally, grout penetration is a strong function of the subsurface sediment properties. General limits for use of permeation grouts are provided in the technical literature (e.g., Vipulanandan and Ozgurel 2009; Karol 1990) and are based on sediment permeability and particle size. Groutability of sediments becomes difficult at permeabilities less than about 1 × 10 -12 m 2 (a hydraulic conductivity of about 1 × 10 -3 cm/s). Groutability is also restricted when sediment particles less than 75 µm are present. Sediments having greater than approximately 20% of these fine particles are generally not groutable, and difficulty in grouting starts at between 5% and 10% of these fine particles. Using the hydraulic conductivity information in Tables 2.1 and 2 .2, permeation grouting would be most applicable to the Hf1 and Hf2 units for the Hanford Central Plateau. Particle-size distributions vary significantly with depth at the Hanford Site. However, as shown by the example data in Section 2.0, Hf1 and Hf2 vadose zone sediments containing greater than 5% fine (<75 µm) particles, with some containing greater than 20% fine particles, are common. Variations in the fine content with depth and related permeability distribution will impact grout emplacement. Verification of injected grout placement and the success in covering the desired target through use of multiple coalescing injections will likely be needed. These limitations and issues may restrict the viability of grouting for many Hanford Central Plateau deep vadose zone applications. A similar conclusion was reached by an independent review panel (Kaback et al. 2006 ) that evaluated in situ grouting as an option for the Hanford Site deep vadose zone. Kaback et al. (2006) identified several issues, two of which include the following:
• Effectiveness of delivery depends upon subsurface heterogeneity, which could impact the effectiveness of the grout distribution.
• Validation and monitoring of grout performance would be extremely difficult.
In summary, application of in situ permeation grouting for the Hanford Central Plateau deep vadose zone is limited by several factors and would be best applied to small target zones. However, like many in situ technologies, in situ grouting may be viable in some situations if applied for targets that are suitable to its use as part of an overall solution. Thus, future feasibility studies would benefit by identifying specific targets for application of grouting in conjunction with other remediation techniques rather than consideration of grouting as a single solution or for a volumetrically large application.
Derivation of Equations to Estimate Grout Penetration
See discussion in Section 3.3.2 and Table 3 .1 for units on the variables used in the following equations.
A.1 Cylindrical Grout Penetration Derivation
Darcy's Law using radial distance rather than length is shown in Equation A. For injection, rearranging the equation for volume of a cylinder, V=πhR 2 , accounting for sediment porosity, n, and using Q = V/t, where t is the injection time leads to Equation A.3. 
A.2 Spherical Grout Penetration Derivation
Darcy's Law using radial distance rather than length is shown above in Equation A.1.
For a spherically shaped grout injection, the surface area is shown in Equation A.6. 
